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The incorporation of phosphoproteins and phenol
bound proteins into the cuticle of Periplaneta americana
was analyzed.

Radioactive monosodium phosphate was

injected into newly ecdysed cockroaches,

Incorporation

into haemolymph proteins as well as tanned cuticle was
observed.

Phosphoproteins were observed to be combined

with the cuticle to a greater extent than monosodium
phosphate.

This suggests that phosphate is being

incorporated into the cuticle more readily than monosodium
phosphate.

The relevance of these observations is

discussed in light of phosphate being a possible cross
linking agent between chitin and cuticle protein.
Binding of dopamine metabolites to cuticle proteins
was investigated.

Specific metabolites studied were

N-acetyldopamine-J-0-sulphate and dopamine-J-0-sulphate.
In an in vitro experiment, these metabolites were readily
bound to cuticular, structural proteins while they
remained unchanged when incubated with soluble cuticular
proteins.

The presence of sulphatase activity was also

evidenced in the structural proteins but not in the
soluble proteins.
The binding of N-acetyldopamine to lysyl-lysine was
accomplished in vitro.

Binding was observed with and

without newly ecdysed cuticle homogenate.

The products

of the binding were separated wia P-2 polyacrylamide gel
chromatography, paper chromatography and high voltage
electrophoresis.

Absorbancy at 280 nm, as well as the

xii
reaction with ninhydrin were monitored for each fraction.
A metabolite (or metabolites) was separated which was
both UV positive and ninhydrin positive.

This metabolite

was analyzed by NMR and no aromatic protons were observed
thus indicating complete substitution on the ring.

These

data support the existing theory that suggests protein
binding to the sclerotization agent occurs on the ring.

1

INTIDDUCTION
The general theme of the present work is the hardening of
the cuticle or the sclerotization process of insects,

The importance

of this process to insect viability can hardly be overemphasized,
Existing virtually unchanged for some 2.50 million years, insects
have a quite successful life history strategy which is highly
dependant on this process,
Sclerotization is the process by which the insect hardens
its new cuticle after moulting has occurred,

Moulting, or ecdysis,

is the developmental stage in which the insect replaces its
exoskeleton which enables it to grow.

Prior to ecdysis the insect

forms a new cuticle which consists largely of proteins,

When the

old cuticle is shed the new cuticle expands and soon hardens and
tans.

This process is known as sclerotization.

Sclerotization

occurs when phenols are bound to the protein matrix of the new
cuticle,

This process is controlled by bursicon, the tanning

hormone.
The phenols which are responsible for insect sclerotization
are largely the product of tyrosine metabolism.

Tyrosine is not

only a major compound in insects but also in mammalian systems
including human systems as well.

Tyrosine metabolism is implicated

in the formation of transmitter substances of the central nervous
system (Bjorklund et al., 1970) as well as the etiology of several

mental health disorders (Baru, 1968),

"Inborn errors of metabolism"

such as phenylketonurea (PKU) and albinism are known to be
metabolic disorders of phenylalanine and tyrosine metabolism.
The elucidation of the metabolism of tyrosine as is found in
insect sclerotization has far reaching effects as tyrosine
metabolism is ubiquitous in animal systems.
Sclerotization is a most significant stage of insect
development.

During this short period of its life the insect is

most succeptable to predators and environmental stresses,

A

thorough understanding of this process may lead to the development
of better means of pest control.

3

OBJECTIVES
The objectives for this group of experiments were two-fold.
First, an understanding of the role of phosphate in cuticle
sclerotization was to be elucidated.

This was done by studying

the incorporation of phosphate into haemolymph proteins postecdysis
as well as by studying the incorporation of phosphate into the cuticle
postecdysis.

When phosphoproteins were found in the haemolymph

proteins, their incorporation into the cuticle was monitored.
Secondly, a more precise understanding of the binding of phenolic
metabolites to cuticle proteins was to be studied.

This was

initially accomplished by the monitoring of 14C-dopamine metabolites
and analyzing their relative binding properties to cuticle proteins
either soluble or insoluble.

Later, the binding of N-acetyldopamine

to lysyl-lysine was studied as an in vitro model for the binding
of the sclerotization agent to the protein.

Binding was accomplished

in vitro and possible mechanisms of binding were postulated.

4

LITERATURE REVIEW
The Sclerotization Process in Cuticle Formation
The insect cuticle is composed largely of chitin and protein
bound together in an insoluble matrix,

Sclerotization agents are

the products of tyrosine metabolism, Tyrosine is a key compound
in insect metabolism,

Not only is it important in cuticular

tanning but also it and its metabolites are essential in chemical
defenses (Tschinkel, 1969; Happ, 1968; Ikan et al,, 1970), in
protective or attractive body pigmentation (Fuzeau-Braesch, 1972)
and as mediators of neuronal transmission in the insect {Klemm and
Axelsson, 1973; Klemm and Bjorklund, 1971),
Tyrosine is not an essential dietary requirement of insects,
Tyrosine may be readily derived from phenylalanine by hydxo:xylation
by the enzyme tyrosine hydxo:xylase (Murdock et al,, 1970a),
Phenylalanine is essential in all but two insects studied thus
far.

Blattela gerrnanica, the gerrnan cockroach (Auclair, 1959;

Henry, 1962), and Periplaneta (Brunet, 196Ja; b) are known to be
able to derive tyrosine from glucose; however; this pathway may
be due to bacterial symbionts (Gilmour, 1961; 1965),
Tyrosine metabolism in insects has been well investigated and
reviewed (Wigglesworth, 1948a; 1957; Richards, 1951; 1958; 1967;
Dennell, 1946; 1958; Hackman, 1959; 1964; Hackman et al,, 1948;
Pryor, 1962; Brunet, 196Ja; 1965;. 1967; Cottrell, 1964; Gilmour,
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1965; Andersen, 1966; Murdock, 1971; Price, 1972). The initial
investigations on tyrosine metabolism in insects were largely
limited to the identification of possible tyrosine metabolites
within the insect. Ibpa (dihydroxyophenylalanine) and dihydroxy
phenylacetic acid were discovered in early experiments (Przibram
and Schrnalfuss, 1927; Schrnalfuss, 1937). Protocatechuric acid,
dihydroxyphenyllactic acid and dihydroxyphenylacetic acid have
been found in various insects (Brunet, 1963b; Pryor et al., 1946;
1947; Hackman et al., 1948) as well as 3,4-dihydroxymandelic acid
(Adiyodi, 1969), p-hydroxyphenylpropionic acid and p-hydroxyphenyl
acetic acid (Mills and Lake, 1971). Further experimentation showed
the presence of a group of compounds known as the benzoquinones
(Alexander and Barton, 1943; Roth and Stay, 1958; Pavan, 1959;
Chad.ha et al., 1961). Ostlund (1953; 1954) identified the
catecholamines (dopamine, norepinephrine and epinephrine) to be
present and Dresse et al. (1960) suggested that they played a
role in tanning rather than as hormones or neu:rotransmitters.
N-acetylated products of catecholamines were found to be present
in some insects.

N-acetyldopamine was isolated in Calliphora

(blow:fly) (Karlson and Sekeris, 1962a) and N-acetyliyramine was
found in Bombyx mori (silkworm) (Butenandt et al., 1959).

That

these two metabolites are involved in sclerotization in Periplaneta
was shown by Mills et al. (1967).

The phosphate and sulphate

metabolites of N-acetyldopamine (N-acetyldopamine-3-0-phosphate
and N-actyldopamine-3-0-sulphate) were found in high concentrations
in Periplaneta haemolymph postecd.ysis and are thought to be involved
in the sclerotization process (Bodnaryk et al., 1974a; Bodnaryk and
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Brunet, 1974) •

Tyrosine-0-phosphate has been found in Drosophila

(Hodgetts and Konopka, 1973),
Farly investigations concerning the sclerotization process
were quite misleading,

Chitin was detennined to be the major

factor causing cuticle hardness and melanin was thought to be
the darkening factor,
this,

It was not until 1929 that Campbell disproved

Protein content was found to be the factor which causes

cuticle hardness,
Unlike crustaceans which have an exoskeleton hardened by
calcium salts in a protein-chitin matrix, the insects have a
cuticle which is almost mineral free,

The fact that few crustaceans

are found on land and none fly while insects on the other hand are
found on land, iin water, and in the air can be attributed to their
protein hardened cuticle, which is associated with an arrangement
of fibrous chitin, a polymer of N-actylglucosamine (Brunet, 1967),
The insects' protein hardened matrix of the cuticle aids in
protection, durability and water impermeability,
The general process of cuticle sclerotization is caused by
the interaction of ortho-quinone with cuticle proteins,

This

process is well documented (Pryor, 1940a; b; Dennell, 1946; 1947;
Dennell and Malek, 1955b; c; 1956a; b; Hackman, 1953a; b; c; Hackman
and Todd, 1953; Mason, 1955; Andersen, 1963; Cottrell, 1964; Brunet
and Coles, 1974),

A generalized sequence of tanning products is

found in Figure 1,
The tanning process is an enzymatic process, governed largely
by the presence of polyphenol oxidase in the epicuticle (Dennell,
1947), however, the degree of sclerotization is independent of

7

Figure 1,

Sequence (I-V) of products formed as a result of the
reaction between quinones and proteins (based on
Hackman and Mason) .
Figure 8b (Brunet,

The reaction mechanism is shown

1965),
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amounts of enzyme (Andersen, 1947b). Orthodihydro:xyJ)henols are
oxidized to their re@ective quinones and are then bound to proteins.
The general reaction is one between amines and quinones. The quinones
first react with the terminal amino group of the cuticular protein
chains and becomes an N-catechol protein. The N-catecml protein
is then oxidized by excess quinone and becomes an N-quinonoid protein
(Mason, 1955).

It has been shown that activated phenols can also

react with other phenolic groups from tyrosine residues (Andersen,
1972) •

The result is a cross-linked covalently bonded network of

protein chains joined end to end as well as at intermediate points
that makes up the hardened, darkened, insoluble cuticle characteristic
of insects (Pryor, 1940a; b; Cottrell, 1964; Hackman, 1953b; c).
See Figure 2. Koeppe and Gilbert (1974) modified this scheme for
cuticle sclerotization when they traced a phenolic-labelled protein
complex across the epidermis and found that it was incorporated
into the cuticle. Blood proteins have been shown to be the direct
precursors of cuticle proteins and they are immunologically
identical (Fox et al., 1972; Koeppe and Gilbert, 1973). The
generalized scheme for cuticle sclerotization incorporating the
data of Koeppe and Gilbert (1974) is found in Figure 3.
Hackman (1953c) offered another theory for tanning. This
theory, known as the auto tanning theory, implicated the oxidized
phenolic groups of cuticular proteins as the tanning agents. This

theory is not accepted by most investigators; however, the oxidation
of tyrosine containing peptides by tyroisinase has been noted

---

(Yasunobu et al., 1959).
Andersen (1970; 1971; 1974a) and Andersen and Barrett (1971)
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Figure 2,

Proposed mechanism of scle:rotization prior to 1974
(Ko�ppe and Gilbert, 1974).

Haemolymph

tyrosine--- dopamine - N-acetyldopamine

Epidermis
Phenyloxidase -�

/
prophenyloxidase

1

O

\

:N-protein

R

II

Cuticle

N·protein

�o

/

R

protein·No';;::: N·protein ---------

II

�

o

O
R

Phenyloxidase

O
8

II

OH

N-protein

OH

N-protein

�

o
.....
.....

Figure 3.

Modified scheme for cuticle scle:rotization incorporating
new data (Koeppe and Gilbert, 1974).
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have presented convincing evidence for the possibility of another
mechanism involved in sclerotization.

This mechanism involves

the side chain binding of ketocatechols (Figure 4) and is reported
to be found in hardened but untanned cuticle.
The relationship between hardening and darkening of insect
cuticle has not been completely elucidated.

Originally it was

thought that melanin was the contributing factor to the color of the
cuticle.

However, Hackman (1953c) disproved this conclusion upon

spectral analysis of melanin and tanned cuticle protein by showing
that there were distinct differences between the two.

Mills and

Fox (1972) show that melanin is at best a secondary sclerotization
agent in Periplaneta and in point of fact, its production is inhibited
by the tanning hormone, bursicon.

However, its presence is of

importance in Musca, the muscid flys, (Cima and Grigolo, 1968),
Sarcophaga, the flesh flies, (Fogal and Fraenkel, 1969) and Lucilia,
the blowfly, (Hackman, 1967).

Andersen and Ba=ett (1971) present

evidence for the color of the cuticle to be directly co=elated to
the ratio of quinone tanning to side chain tanning.
Before any further discussion on the biochemistry of scleroti
zation, it is necessary to review the morphological development
of the cuticle (see reviews by Fraenkel and Rudall, 1940; 1947;
Wigglesworth, 1948a; b; 1965; 1969).

The cuticle consists of five

layers which have been studied by means of light microscopy as well
as electron microscopy (Dennell and Malek, 1954; 1955a; Gouin, 1970;
Filshie, 1970; Locke, 1964; 1967).

See Figure 5.

These layers

consist of the epicuticle, the exocuticle, the endocuticle, the
epidermal cell layer and the basement membrane.

The epicuticle is

15

Figure 4.

Andersen's proposal for side chain sclerotization
(Andersen, 1974a),
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Figure 5.

Dia.gra.m.matic representation of a section of mature
cuticle and epidennis (Chapman, 1975).
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ma.de up of an inner cuticulin layer, then a.layer of wax frequently
covered by a layer of "cement".
two components:

The cuticulin layer is divided into

an outer, thin dense layer, the sensu strictu

(Locke, 1961; 1964; 1966) and a thicker dense homogenous layer
beneath (Kramer and Wigglesworth, 19.50; Bruck and Stockem, 1972a;
b).

The wax layer is ma.de of long chain hydrocarbons and the esters

of fatty acids and alcohols packed closely so as to provide a
waterproof layer (Beament, 1948; 1951; 1955; 19.58; 1960; 1961; 1964;
1965; Beament et al., 1964).

The exocuticle consists of the tanned

protein and chitinous cuticle. The endocuticle is a matrix of protein
and chitin but is not tanned nearly to the extent of the exocuticle.
Between the endocuticle and the epidermis is an amorphous layer
known as the subcuticle or Schmidts layer. The epidermal cell layer
is the layer of cells which is responsible for the secretion of the
cuticle.

The basement membrane is the membrane below the epidermal

cell layer.

The cuticle is a limiting factor for growth and in order

for any increase in size the animal must shed its old cuticle and
form a new cuticle.
The process of moulting and cuticle formation may be divided
into several different stages.

See Figure 6. The first stage is

the separation of the old cuticle from the underlying epidermal cells.
This is called apolysis (Jenkin and Hinton, 1966).

The second stage

is the shedding of the remnants of the old cuticle.

This is known

as ecdysis.

This process occurs after a new cuticulin layer has

been produced, the old endocuticle has been digested and the moulting
fluid has been resorbed (Wigglesworth, 1973) which is facilitated
by a moulting chitinase (Ba.de, 1974) and protease (Ba.de and Shoukimas,
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Figure 6.

Di.agra.mma.tic representation of the changes occurring
in the integument during the moulting cycle (Chapman,

1975),
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1974).

The shedding of the old cuticle is facilitated by the increase

in blood volume and the swallowing of air or water which swells the
gut so that haemolymph pressure is increased {Cottrell, 1962d; e).
Aided by the muscular activities of the insect, the old cuticle is
split along the ecdysial lines and the cuticle is shed (Bernays, 1972),
At this stage the insect is white (untanned). The new cuticle expands
(Bennet-Clark, 1963) and hardens by the processes previously
described (Hackman and Goldberg, 19.58; Wigglesworth, 1933; 1945;
1947; 1959; Beament, 1959; Dennell, 1946; 1947).
The identification of the tanning agent has been extensively!_·
investigated.

The tanning agent is a tyrosine metabolite which is

incorporated into the insect cuticle at ecdysis and pupation.

Pryor

(1940b) proposed a mechanism in which tyrosine was hydro:xylated to
dopa and subsequently to dihydro:xyphenylacetic acid which was then
transported to the cuticle and oxidized to quinone. Tyrosine titer
was shown to peak one half hour prior to pupation in blowfly larvae
and decrease sharply at ecdysis with a corresponding rise of non
protein material of hardened puparial cuticle (Fraenkel and Rudall,
1947; Karlson et al., 1962).

Using l4c-tyrosine it was shown by

incorporation studies that tyrosine was a definite precursor of the
tanning agent {Karlson, 1960; Srivasta, 1971) and that it was
incorporated at a steady rate for approximately eight hours
postecdysis (Fox and Mills, 1971),

Later it was shown that the

tanning agent was an amine derivative rather than an acetic
derivative as was previously assumed {Pryor et al., 1947),
N-acetyldopamine was identified as the amine derivative and was
found to be the primary tanning agent of puparium in Calliphora
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(Karlson et al., 1962; Karlson and Ammon, 1963; Ammon and Karlson,
1964; Karlson and Sekeris, 1962a). Utilizing incorporation experiments,

Karlson and his coworkers found that 14e-1eucine was only 5-10%

incorporated into the cuticle while 14c-tyrosine, dopa, dopamine and

tyramine were incorporated about 80% (Karlson et al., 1962).

Moreover,

N-acetyldopamine was completely incorporated into the puparium
(Karlson and Sekeris, 1962b) and is now thought to be the major
sclerotization agent in insects.

The incorporation of label is

attributed to N-acetyldopamine being completely incorporated into the
cuticular proteins.

N-acetyltyramine as well as N-acetyldopamine

---

were shown to be sclerotization agents in Periplaneta (Mills et al.,
1967) and in Bombyx .(Butenandt et al., 1959).

14c-noradrenaline has

been shown to be incorporated into the cuticle of Periplaneta (Koeppe.
and Mills, 1970) and 3,4-dihydroxyphenylacetic acid may also be a
minor sclerotization agent (Koeppe and Mills, 1974).
Evidence from acid hydrolysates of insect cuticle suggests that
there may be a beta-hydroxy-N-acetyldopamine metabolite which causes
cuticle sclerotization (Andersen, 1970; Karlson et al., 1962).
Arterone (2-amino-3 ,4-dihydroxyacetophenone), 2-hydroxy- 3,4-dihydroxy
acetophenone, and 3,4-dihydroxyphenylglyoxal which can be reduced to
3,4-dihydroxyphenylglycol (See Figure 7) have been isolated from
cuticle homogenates suggesting there may be more than one tanning
agent (Andersen, 1971; Andersen and Barrett, 1971).
Storage forms of the tanning agent have been identified in the
haemolymph prior to ecdysis.

Gamma-L-glutamyl-L-phenylalanine as

well as Beta-alanyltyrosine has been suggested to play a major part
in puparium formation in � by providing a large phenylalanine
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figure 7.

Structures of hyd.rolysates of possible sclerotization
agents.

I.

phenone), II.
III •

arterenone (2-amino-J,4-dihyd.roxyaceto
2-hyd.roxy-J,4-dihyd.roxyacetophenone,

J,4-dihyd.roxyphenylglyo:xa.l, IV.

3,4-dihyd.roxy

phenylglycol (Andersen and Barrett, 1971),
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reservoir (Bodnaryk and Levenbook 1963; Bodnaryk, 1970; Bodnaryk
and McGirr, 1973; Bodnaryk and Skillings, 1971; Bodnaryk et al-.,
1974a; b) which is later incorporated into the cuticle (Bodnaryk,
l97la; b).

Ibpa.mine-3-0-sulphate, N-acetyldopa.mine-3-0-sulphate

and N-acetyldopa.mine-3-0-phosphate have been shown to be probable
storage or transport forms of the tanning agent in Periplaneta
(Bodnaryk and Brunet, 1974; Bodnaryk et al., 1974a).

Tyrosine-0-

phosphate may be a storage reservoir in Drosophila (Lunan and Mitchell,
1969; Mitchell and Lunan, 1964).

Glucosides of the phenols have

also been shown to be possible storage and transport forms of tanning
agents (Brunet and Coles, 1974; Brunet and Kent, 1955; Lake et al.,
1975).
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Enzymes Involved in the Synthesis of the Sclerotization Agent
In order to show - the intermediate steps in the pathway from
tyrosine to N-acetyldopamine and its metabolites, the enzymes for
conversion must be identified and their presence in the insect
determined.

Forms of the enzymes in insect development have been

reviewed by Laufler (1961).

There are many pathways of tyrosine as

tyrosine is a major branching point in intermediary metabolism in
many animal systems. Only those enzymes specifically relating to the
formation of possible sclerotization agents will be discussed,
The conversion of pheny]alanine to tyrosine by the enzyme tyrosine
hydroxylase was found in insects (Murdock et al,, 1970a).

Although

this enzyme may be important it is only essential if the diet of the
insect is quite limited.

Tyrosine is present in most protein sourses.

There are two major pathways for the conversion of tyrosine to
other metabolites.

The first pathway is found mainly in mammals and

is found to some lesser extent in insects. The pathway converts
tyrosine to acidic metabolites such as parahydroxyphenylpyruv.ate,
parahydroxyphenylpropionate (Karlson and Sekeris, 1966b; Sekeris and
Karlson, 1966) or parahyd:roxyphenylacetate (Aerts et al., 1960).
However, this pathway is thought to be largely for the control of
excretory products in insects, although some may be in9orporated into
the cuticle as lipid antioxidants (Atkinson et al., 1973).
The second major pathway is the conversion of tyrosine to
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catecholamines.

This pathway is :found in both mammals and insects

and is reported to be the one directly related to the sclerotization
agent,

In this pathway tyrosine is converted to dopa and then dopa

to dopamine to norepinephrine to epinephrine.

This pathway has been

reviewed extensively (Axelrod, 1959; Daly and Witkop, 1963; Udenfriend,
1966b; Iverson, 1970),
The conversion of tyrosine to dopa is governed by tyrosine
hydroxylase or tyrosinase, both of which are mixed function hydroxy
lases.

This is the rate limiting step in mammals (Nagatsu et al.,

1964; Udenfriend, 1966a; b).

It is present in insect haemolymph

(Kawase, 1960) as a non-specific enzyme having a pH optimum of 6.8
and requires copper as a cofactor (Mills et al., 1968) and it has
been shown to be activated by polyanions and salts (Katz et�. 1976;
Brennan and Beck, 1972).
D:>padecarboxylase (the enzyme necessary to convert dopa to
dopamine) has been partially purified in Calliphora (Sekeris and
Karlson, .1966), localized in Aedes (Schlaeger and Fuchs, 1974), and
analyzed spectrophotometrically in Drosophila (Sherald et al., 1973).
It has a pH optimum of 6.8 and is dependent on pyridoxal phosphate and
ferrous ions (Sekeris and liarlson,r1966).

D:>padecarboxylase. is

- inhibited by N-acetyldopamine which supports the exil![ltence of a
negative feedback mechanism.

Its activity increases as ecdysone titer

increases (Karlson and Sekeris, 1962b; 1966b; Shaaya and Karlson,
1965; Fuchs and Schlaeger, 1973).

Its presence has been found in

Sarcophaga (Chen and Hodgetts, 1974) and in Periplaneta (Murdock
et al., 1970b),

In inhibition studies it has been shown that

dopadecarboxylase is necessary for normal sclerotization to occur
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(Schlaeger-and Fuchs,-1974)�

Dopadecarboxylase has_been found in

the haemolymph and haemocytes of flies (Whitehead, 1970).
Beta-hydroxylase has been found in cockroach haemolymph (Lake
et al•, 1970). It hydroxylates dopamine to norepinephrine (Levin
et al., 1960).
N-acetylation of amines has been reviewed by Daly and Witkop
(1963).

Acetylcoenzyme A transactylase has been found in several

species of insects (Karlson and Ammon, 1963). This enzyme is necessary
for the acetylation of dopamine. It is also specific for the acety
lation of tyramine and histamine but not to tyrosine, dopa or
glucosamine.

This enzyme is not aff'ected by ecdysone. It is

assumed that N-acetylation protects the amine against -indole
formation.
N-acetyldopamine glucoside has been implicated in the storage
of N-acetyldopamine until tanning occurs (Okubo, 19.58; Karlson et al.,
1962). The presence of a glucoside of ortho-aminophenol has been
found in Periplaneta (Dutton and Duncan, 1960), and in Schistocerca
(Trivelloni, 1960).

Glucosides have also been implicated in the

pathways of defense secretions.

Odoriforous metabolites of quinone

and diphenols are stored as glucosides and are enzymatically cleaved
when needed (Roth and Eisner, 1962; Happ, 1968; Ikan et al., 1979).
N-acetyldopamine-3-0-phosphate and N-acetyldopamine-3-0-sulphate
have been isolated in newly ecdysed cockroaches and are incorporated
into the cuticle, but not as intact esters (Bodnaryk and Brunet, 1974;
Bodnaryk et al., 1974a).

Although cuticle phosphatases or sulphatases

have not been reported in the literature their presence is
hypothesized if the phosphate and sulphate metabolites are storage

JO
moities.
The oxidation of the diphenols is accomplished by phenoloxidase
which occurs as inactive prophenoloxidase in haemocytes (Evans, 1967;
Sin and Tromson, 1971; Th>hke, 1973) and is activated by a lipid moiety
(Heyneman and Vercauteren, 1968; Tromson and Sin, 1970).

Epidermal

cell phenoloxidase which catalyzes the oxidation of ortho-diphenols
with amine groups but not ortho-diphenols with acidic side chains
has been studied (Karlson and Sekeris, 1962a). The best substrates
for this reaction have been found to be N-acetyldopamine (Km=Jxl0-3),
dopamine (Km=2xl0-4 ) and dopa (Km=8x10-3). Phenoloxidase has been
reported to be found in both blood and cuticle (Locke and Krishnan,
1971; Yamazaki, 1969; 1972).

The_blood phenoloxidase is non-specific

and oxidizes both mono and diphenols.

However, cuticle diphenoloxidase

has been shown to be specific only catalyzing the oxidation of
diphenols with amine side chains (Hackman and Goldberg, 1967; Firtel
and Saul, 1967).

Phenoloxidase has been found in numerous insects

(Whitehead et al., 1960; Karlson and Liebau, 1961; Sekeris and
Karlson, 1966; Karlson and Sekeris, 1962a; Sekeris and Mergenhagen,
1964; Karlso.n et _al., 1964; Mills et al., 1967; Hackman and Goldberg,
1967; Aerts and Vercauteren, 1964; Evans, 1968b; Ishaaya, 1972;
Krishnam and Ravindranath, 1973; Warner et al., 1974).
The binding of phenols to proteins in the haemolymph prior to
sclerotization has been shown to occur in Periplaneta (Koeppe and
Mills, 1972) and in Manduca (Koeppe and Gilbert, 1974). It has been
suggested that these proteins enter the new cuticle via the epidermal
cells and are cross-linked to other proteins in the cuticle by
phenoloxidase (Koeppe and Gilbert, 1974).
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The probable pathway for the production of the sclerotization
agent and its ·storage metabolites is diagrammed in Figure 8 and
a proposed mechanism for the binding of the sclerotization agent to
cuticular proteins is diagrammed in Figure 9. ,
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Figure 8.

Pathway for the production of the sclerotization agent
and its storage metabolites.
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Figure 9.

Mechanism of binding of scle:rotization agent to proteins
with amino terminal groups (RNH2).
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Hormonal Control of Moulting and Tanning
Hormonal controls of ecdysis and sclerotization have been
reviewed (Karlson, 19.56; Gilbert and Schneiderman, 1961; Williams,
1952; Wigglesworth, 19.54; 1957; 1959; 1965; Hikino and Hikino, 1970).
The pupal moult has been smwn to be initiated by a mrmone secreted
by the brain (Kopec, 1922; Wigglesworth, 1933; 1934).

Later it was

smwn that larval moulting and pupation are initiated by a mrmone
secreted by the protmracic gland.

This mrmone has been called

growth, pupation or moulting hormone and more recently has been
called ecdysone (Fraenkel, 1935; Fukuda, 1940) .
Ecdysone has been isolated and its structure identified (Figure
10) (Karlson and Shaaya, 1964; Karlson et al,, 1965; Huber and Hoppe,
1965).

It was found that brain hormone activates the protmracic

gland which produces ecdysone (Williams, 1942; 1946; 1947; Wigglsworth,
1951; i952a; b) and ecdysone is secreted in an area in the abdominal
region (Chang, 1972),
The mode of action of brain mrmone is directly correlated with
intense nuclear RNA synthesis which is coupled with the appearance of
cytoplasmic RNA and consequently to protein synthesis, The production
of.these proteins presumably corresponds to enzymes for production of
ecdysone and possibly ecdysone binding proteins (Butterworth and
Berendes, 1974).

The production of ecdysone is coupled with the

renewal of growth of epidermal cells, the deposition of new cuticle
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Figure 10.

Structure of ecdysone (Karlson and Sekeri.s, 1966b).

OH

HO
HO

39
and mow.ting,
The action of ecdysone is modified by juvenile hormone or neotinin
which is secreted from the corpus allatum (Wigglesworth, 19.54� Williams,
1961).

The physiological effects depend on the relative presence_of

these two oo:rmones.

In homometabolous insects (egg-larvae-pupa-

. adul.t) ecdysone together with small amounts of juvenile hormone when
incubated with larval epidermal cells produced a pupal cuticle,
However, with large amounts of juvenile hormone, larval cuticle was
produced,

In hemimetabolous insects (egg-nymph-adul.t) ecdysone and

small amounts of juvenile hormone produced a more mature cuticle while
in the absence of juvenile hormone produced an adul.t
Schneiderman, 1961).

(Gilbert and

These studies show the exi.stance of an inverse

relationship between juvenile hormone and the amount of flow of fresh
genetic information from nucleus to cytoplasm at the time of ecdysis
(Williams, 1961).

Juvenile hormone permits growth but inhibits

maturation.
Juvenile hormone activity is widespread in nature.

ILis found

in invertebrates other than insects (Schneiderman and Gilbert, 19.58),
in plants, bacteria and yeasts (Schneiderman et al., 1960) and ifl
vertebrates including man (Williams, 19:.$6; 1959),
There has been shown an intense interrelationship between brain
hormone, juvenile hormone and ecdysone (Schneiderman and Gilbert, 1964).
The prothoracic glands are controlled by brain hormone and juvenile
hormone.

Low levels of juvenile hormone and ecdysone are necessary

for normal tissue growth throughout the larval life of' insects and are
continuously found in low concentrations during most of this period.
Periodically there is a release of brain hormone which causes ecdysis,
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The brain hormone superactivates the prothoracic glands and therefore
increases ecdysone level (Wigglesworth, 1936; 1940a; b; Scharrer,
1952).
The mode of action of ecdysone has been experimentally determined
(Karlson and Sekeris, 1962a; b; 1966a; Sekeris and Karlson, 1962; 1966;
Congote et al., 1969; Fraenkel and Hsiao, 1967; Fraenkel et al., 1972;
Nijhout, 1976),

During inte:moult stages the major pathway of tyrosine

metabolism is one of transamination and reduction -(tyrosine.-para
hydro:xyphenylpyruvic acid.-parahydro:xyphenyllactic acid-parahydroxy
phenylpropionic acid) (Murdock et al., 1970a).

However, one day prior

to pupation the pathway shifts to one of N-acetyldopamine production
(Karlson and Herrlich, 1965; Hopkins et al,, 1971) (See Figure 11).
The rise in ecdysone titer is largely responsible for this, by
activation of dopadecarboxylase activity (Karlson and Sekeris 1962b;
Shaaya and Karlson, 1965; Shaaya and Sekeris, 1965),

Dopadecarboxy

lase activation is accomplished by induction (Fuchs and Schlaeger,
1973; Fragoulis and Sekeris, 1975) and follows the Jacob and Monod
(1961) gene repression model.

Ecdysone is the genetic inducer which

activates mRNA production by releasing a histone repressor from the
DNA,

The mRNA then travels to the cytoplasm where it attaches to

ribosomes and the formation of protein take-s place,

One such protein

is dopadecarboxylase (Sekeris and Karlson, 1964; Sekeris, 1965;
Sekeris and Lang, 1964),

The production of structual proteins is also

probable by this mechanism,
and Schrader (1976),

This model has been reviewed by O 'Malley

Although most of this work has been done on

Calliphora, the blowflies, convincing data for induction of dopadecar
boxylase by ecdysone in other insects have been shown (Sekeris, 1964).
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Figure 11,

The two pathways of tyrosine metabolism in the blowfly
(Calliphora) and the locust (Schistocerca),
Karlson, Sekeris and others,

After

The left-hand (acid)

metabolism takes place early in the inte:rmoult period.
The right-hand (amine) metabolism takes place before a
moult and results in the synthesis of the tanning
agent N-acetyldopamine.

The change-over is brought

about by a rise in concentration of the hormone,
ecdysone, in the blood (Brunet,

1967),
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Recently there have been two tYJ)es
of ecdysone isolated in Calliphora:
a.1.pha-ecdysone being responsible for
initiation of pupariwn :fomation
and beta-ecdysone being responsible for normal growth and development
(Young and Young, 1976).

There is a definite relationship between ecdysone and the

formation of the tanning agent.

However, the actual tanning was

shown to be controlled by another blood-borne factor which is
released within a few minutes after ecdysis (Fraenkel, 1962; Cottrell,
1962b).

It has been shown that tanning is under nervous control

(Fraenkel, 1935; Clarke and Langley, 1963).

However, it has been

found that nervous stimulation initiates hormonal release.

This

experimentation was accomplished by decapitation and ligation
experiments po stecdysis.

It was shown that decapitation after

emergence prevented tanning (Cottrell, 1962a; b; c).

Head ligation

postecdysis was also shown to prevent tanning (Fraenkel and Hsiao.
1962).

However, when blood was taken 3-30 minutes after emergence

and then injected into ligated untanned animals, nomal hardening
and darkening was accomplished (Cottrell, 1962c; Fraenkel and Hsiao,
1965).

It was known that ecdysone titer was greatly decreased by

this time (Karlson, 1965; Karlson and Sekeris, 1962b; Sekeris, 1965).
To prove that ecdysone did not induce tanning an experiment was
conducted which showed that blood with high ecdysone activity as well
as purified ecdysone did not promote tanning when injected into
ligated or decapitated insects (Fraenkel and Hsiao, 1962; 1965; Mills,
1965).

Ecdysone did not inhibit tanning which would have allowed

tanning when the ecdysone levels dropped (Cottrell, 1962b; Fraenkel
-and Hsiao, 1965).

Nomal tanning was induced in ligated animals
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with· extracts of neu:rosecretory cells of the pars intercerebralis of
the brain and also with extracts of thoracic ganglion (Fraenkel and
Hsiao, 1963),

Therefore the honnonal nature of tanning was proved,

Fraenkel and Hsiao (1965) named this tanning hormone bursicon after
the Greek bursikos which means "related to tanning" ,

It has been

shown ·that bursicon release was localized in the terminal abdominal
ganglion in Periplaneta (Mills et al,, 1965) and localized to the
abdominal nervous system in Manduca (Truman, 1973).

There it was

postulated that bursicon is made in the nervous system (Provansal
et al., 1974), stored in the posterior ganglion and released upon
stimulus from brain tissue (Fraenkel and Hsiao, 1965; Mills, 1967;
Delachambre et al., 1972; Grillot et al., 1971).

The physical

properties of bursicon have been characterized (Cottrell, 1962c;
Fraenkel and Hsiao, 1965; Mills, 1966). It is a protein honnone with
a molecular weight of approximately 40,000 daltons (Fraenkel -et al.,
1966; Mills and Lake, 1966; Mills and Nielsen, 1967). Its release
and activity in the haemolymph during ecdysis and postecdysis has
been analyzed (Srivastava and Hopkins, 1975).
Bursicon is thought to increase membrane penneability (Mills and
Whitehead, 1970; Sivasubramanian et al • , 1974) •

It has been suggested

that bursicon influences cuticular dehydration postecdysis (Vincent,
1971; 1972),

Honnonal control of water excretion has been widely

studied {Maddrell, 1963; 1964a; b; Mills and Nielsen, 1967; Goldbard
et al., 1970),

Antidiuretic honnone activity increases preecdysis

and then drops at ecdysis while diuretic activity increases post
ecdysis and parallels bursicon activity (Mills and Whitehead, 1970).
It has been proposed that diuretic honnone and bursicon are identical

(Mills, 1967; Mills and Whitehead, 1970). Tyrosine decarbo:xylase
action increases in haemocytes at ecdysis in Periplaneta with the
increased bursicon titer (Whitehead, 1969). In Sarcophaga., bursicon
induces melanization of the outer layers of the cuticle and
deposition of post-emergent endocuticle (Fogal and Fraenkel, 1969).
Bursicon has been shown to increase- tyrosine permeation into insect
haemocytes (Mills and Whitehead, 1970; Post, 1972; Post and deJong,
1973) and it has been suggested that bursicon is involved with the
control of the activation of tyrosine hydroxylation (Seligman et al.,
1969).

Epidermal permeability has been mediated by bursicon during

the immediate postecdysial phase in Peripla.neta in the translocation
of protein-bound phenols (Koeppe and Mills, 1972).
Dibutyryl cyclic AMP mimics the action of bursicon.

It is

speculated that bursicon activates membrane adenylcyclase which
produces cyclic AMP which would subsequently increase membrane
permeability ana/or tyrosine hydro:xylase activity (Berridge and
Price, 1972; VandenBerg and Mills, 1974; 1975).

See Figure 12.
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Figure 12.

Hypothetical model showing the action of' bursicon on
the haemocyte and the involvement of' an adenylcyclase
system (VandenBerg and Mills, 1974).
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EXPERIMENTAL
The experiments were divided into three categories,
are:

These

(1) phosphate incorporation into proteins and cuticle,

(2) dopamine metabolites binding to cuticle proteins, (3) in vitro
binding of N-acetyldopamine to lysyl-lysine,
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METH)DS AND MATERIALS

Phosphate Incorporation into Proteins and Cuticle
Animals
Insects used in this experiment were newly ecdysed (white)
Periplaneta americana, either late instar nymphs or white adults,
which were raised on a diet consisting of Purina dog chow and water
and were maintain-e d -

at

:room temperature and controlled photoperiod

(12 hours light/ 12 hours dark).

Animals were injected with 10 ul of (32!>) monosodium phosphate

(New England Nuclear 500 me/mm lot 3764) using a Hamilton microsyringe,

The activity of 32p was dete:rmined at time of count by utilyzing a

computer program to dete:rmine activity of 3 2!> for any day when the
activity initially is known.

This program is found in Table 1.

All .cpm were standardized by taking cpm per activity injected (uCi).
Animals were incubated at room temperature for either 2 hours, 4 hours,
or 24 hours. Ten minutes prior to sacrifice a'rl injection of 15 ul
0.3M sucrose O.OlM diethylthiocarbamate was made; ·Haemolymph was
removed by capillary method (Mills et al., 1966) and centrifuged on
a Beckman microfuge, model 152, for 5 minutes,
Paper chromatography and high voltage electrophoresis

(32P)-phosphate metabolites were separated by descending paper

chromatography using a solvent system of n-butanol:glacial acetic
acid:

deionized water (4:1:1) and by high voltage paper electro-

Table 1.

Computer program for determination of J2p activity when
initial activity and change of time in days are known.
This program is written in Basic and was run on the
Interactive Terminal Facility (ITF).
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LOGON
LOGON
THANK
READY
EDIT
0001.0
00 020
00 030
00040
00 050
00 0 60
00070
00080
00090
EDIT

JOEIV
JOEIV
YOU.
DATE
76.215
TIME 1-1 .48. 07
EDIT ACT BASIC
LIST
PRINT 'DETERMINATION OF 32P ACTIVITY AT ANY KNOWN'
PRINT "TIME GIVEN INITIAL ACTIVITY'
PRINT USING 00040
'ORI GINAL ACTIVITY CHANGE IN TIME <DAYS>
INPUT A,T
B=A*&E**CC-0.693*T)/l4.3)
PRINT 'ORIGINAL ACTIVITY',A
PRINT 'ACTIVITY AT',T, 'DAYS =',B
END
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phor esis using a pH 3.5 buff er
acid:

syst em

d eioniz ed wat er (1: 10: 89) •

glacial acetic

Whatman 3mm chromatograpey pap er

was used :for both chromatography and
standards

of pyridine:

electrophoresi s.

Auth entic

w er e chromatograph ed with the phosphat e m etabolit es and

Rf' valu es w e r e obtained and compared to unknowns.
Fing erprinting t echniqu e was utilized by :first
haemolymph

sup ernate

of radioactivity

to

ele ctrophor esis

subj e cting

th e

and th en d et ermining areas

using a Packard Mod el 7201 Radiochromatogram

Scanner. Peak ar eas of activity w ere cut out and

sewn

into n ew pap ers

and r echromatographed.
Column chromatography
Haemolymph was

separat ed

on a 0.6x 40 cm P-30 polyacrylamide g el

column (Bio-Rad) 100-200 m esh.

Forty fractions of 0.5ml. w ere

collect ed.

Protein was monitor ed at 280nm on a Coleman Model 124D

double.b eam

spectrophotom e t er.

Radioactivity was d etermined by

placeing 5. 0 ul of each fraction into vials containg 10 ml of Aquasol
II (NEN) and counting on a Beckman L-250 Liquid Scintillation
count er.
Calculations conc erning
etc.

each

fraction

such

V e/Vo, Kav, Cpm/uCi,

were aided by use of IBM 370 comput er utilyzing a packag ed

program known a s Statistical Analysis Syst em (SAS).

A r epr esentative

program for these calculations is found in Table 2.

Concentration of

protein was d e te rmined from known concentrations of bovine
albumin upon which OD valu es w ere obtained as abov e.

serum

Th ese values

and th e known concentrations w ere used to d et ermine th e best
curve utilyzing a

s tatis tical

analysis known as least

standard

squares

and

was faciliat ed by using th e Int eractiv e Terminal Facility (ITF) and a
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Table 2,

Computer p:rogram :for analysis of' data f:rom :fractions f:rom
a gel column (]:'-2).

This p:rogram computes elution volume

(Ve), Kav, Ve/Vo, predicted molecular weight of molecules
in a :fraction (MW), corrected cpm (CCPM), cpm per
:fraction (CPFRACT), cpm per :fraction per uCi injected
(CPFPAI), mg p:rotein (MGPRTN) and cpm per fraction per
uCi injected per mg protein (CPFPAIPP).
graphs the following:

The program

UV vs, :fraction, UV vs. VeVo,

CCPM vs, :fraction, CCl?M vs. VeVo, CPFRACT vs. fraction,
CPFRACT vs, VeVo, CPFPAI vs, fraction, CPFPAI vs, . VeVo,
MQP!iTN-:vs� :f:ractian •. Mfil'RTN vs. VeVo, CPFPAIPP vs. :fraction
a.nd CPFPAIPP vs, VeVo,

IN'lO HAEIDLYMPH MACIDIDLECULES';
TITLE 'PlDSPHATE INCDRroRATION
.
DATA RAW-DATA;
INPUT EXP $1�4'FRACTION 6-e'ABsiIv'10�14 Bimn 1 6-23 em 2.5-32;
VT =11.31;

V{)=4.0.
VF=O.5�

VE=VF+VE;

VEVO=VE/VO;
KAV=(VE- VO)/ (VT-V{);
.
PJO_S1: IF KAV 0.93 THEN MW=25Q'0;
F30_S2: IF KAV =0.93 & KAV =0.00 THEN MW=10**«-1.2947527)*KAV�G10
.
(40000»;
CCPM=CPM-BKGD;
IF CCPM 6 THEN CCPM=O
CPFRACT=CCPM*O .5/0.05;
CPFPAI=CPFRACT/(20*0.1625704);
MGFRTN=(ABSUV=1.18308�02)/5.521189�02;
CPFPAIPP=CPFPAI/MGFRTN ;
IF MGPRTN 0 THEN MGFRTN=O AND CPFPAIPP=O;
CARDSj
FIDC Pf.J0T IDWS=49; VAR ABSUV FRACTION;
TITLE • ABSUV VS. FRACTION 00.';
FIDC PIDT IDWS=49; VAR ABSUV VEVO;
TITLE 'ABSUV VS. VEVO':
FIDC PIDT IDWS=49; VAR CCPM FRACTION;
TITLE • CDRRECTED CPM VS. FRACTION 00.';
FIDC PIDT IDWS=49; VAR CCPM VEVO;
TI.TLE ' CDRRECTED CPM VS. VEVO 1 ;
FIDC PIDT IDWS=49; VAR CPFRACT FRACTION;
TITLE ' CCPM FER FRACTION VS. FRACTION';
FIDC PIDT IDWS=49; VAR CPFRACT VEVO;
TITLE ' CCPM FER FRACTION VS. VEVO';
FIDC PIDT IDWS=49; VAR CPFPAI FRACTION;
TITLE" CCMP FER FRACTION FER ACTIVITY INJECTED VS. FRACTION';
FIDC PIDT IDWs=49; VAR CPFPAI VEVO;
TITLE ' CCMP FER FRACTION FER ACTIVITY INJECTED VS. VEVO';
FIDC PIDT IDWS=49; VAH MGFRTN FRACTION;
TITLE • MG FIDTEIN VS. FRACTION ';
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PFOC PI.DT FOWS=49; VAR MGPRTN VEVO;
TI'll,E I MG PFOTEIN vs. VEVO';
PFOC PIDT FOWS=49; VAR CPFPAIPP FRACTION;
TI'll.E ' CCPM PER FRACTION PER ACTIVITY INJECTED PER PFOTEIN VS. FRACTION';
PFOC PI.DT FOWS=49; VAR CPFPAIPP VEVO;
TI'll.E ' CCPM PER FRACTION PER ACTIVITY INJECTED PER PFOTEIN VS. VEVO';

computer program which is found in Table 3.
Incorporation of ( 3�)-phosphate into cuticles was established
by counting the cuticle hyd:rolysate.

Cuticle was removed from the

abdominal region at the time of sacrifice, scraped and homogenized
in O.lM IDa in methanol.

The homogenate was centrifuged at 10,000 g

for 10 minutes on a Beckman J-21 centrifuge, before hydrolysis in
1ml of lM NaOH for 24 hours.

The sample was placed in 10 ml

Biofluor (NEN) and counted for radioactivity.
Phospoorylated proteins, separated by column chromatography,
were concentrated by lyophilization and reinjected into newly ecdysed
cockroaches.
3

These incubated for 24 hours and the incorporation of

�-p:roteins into the cuticle was analyzed as described above.
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Table 3.

Computer program for determination of the best straight
line for any given set of points (linear least squares
statistical analysis).

0103
EDIT
DD DID
00011
ODD 12
DD D13
ODD14
DD D15
00020
00 030
00033
00034
00035
00036
00039
00040
00 050
00 060
00 070
000 75
000 76
00 080
00090
00100
00110
00120
00130
00135
00136
00140
00150
00160
DOI 70
00180
00190
0020 0
0021 0
00220
00230
00240
00250
00260
00270
00275
00276

LIST

. INV CMD
LIST
PRINT 'LEAST SQUARES--LINEAR REGRESSION'
PRINT 'THIS PROGRAM DETERMINES A BEST LINEAR'
PRINT 'FIT FOR KNOWN DATA SUCH AS STANDARD'
PRINT 'CURVE DATA FROM PROTEIN AND SUGAR TESTS'
PRINT 'IT WILL ALSO GIVE EXTRAPOLATED X VALUES'
PRINT 'IF Y IS KNOWN.'
PRINT 'NUMBER OF DATA PAIRS'
INPUT N
IF N>O GOTO 39
LET N=-N
LET Q=-1
GOTO 40
LET Q=I
DIM XC45>, YC45>
PRINTUSING460.
FOR l=l TO N
INPUT XCI>, YCI>
IF Q>O GOTO 80
LET YCI>=LGTCYCI>>
NEXT I
PRINT 'ERROR IN PAIR # ?'
INPUT A
IFA<l GOTO 150
PRINTUSING460
INPUT XCA>,YCA>
IF Q>O GOTO 140
LET YCA>=LGTCYCA>>
GOT090
LET 51=0
LET 52=0
LET x1; .0
LET Yl.i .0
LET Rl=O
FOR 1=1 TO N
LET Sl=Sl+XCI>
LET Xl>•Xl+CXCI>*XCI»
LET S2=S2+YCI>
LET Yl=Yl+CXCI>*YCI>>
NEXT I
LET S2=S2/N
LET Sl=Sl/N
IF Q>O GOTO 280
PRINT/
____ _
�EAST SQUARES FIT USING BASE 10 LOG OF Y DATA'

5'3

00280
00290
00300
0031�
Ot;J20
00330
00340
00350
0036G
00370
00360
00390
00400

88��8

[�430
0044ij
00450
00460
00470
00480
00481
00482
00490
00491
00492
00493
00494
00495
00496
00497
00496
00499
00500
00501
00510
00520
00530
00540

AVG Y=',S2
PRINT .AVG x=·,s1,·
LET DO=N*CX1-CN*Sl*S1))
LET AO=N*CS� w Xl-Yl*Sl)/DO
LET Ali4N*Yl-N*N*Sl�S2)/DO
LET S5= 0
LET S6=0
FOR I:::i '1-· ,,
LET S5=S5+CCS1-XCI>>**2>
w�, �6=S6+CCS2-YC I>>**2>
LET Rl=Rl+CYC1)-S2)*CXCI>-Sl>
NEXT I
LET S5=SQRCS5/CN-l>>
LET S6=SQRCS6/CN-l>>
LET R=Rl/ CN- >*S �g2
FRINI 51 b DE ¢ X= ?*
, ,
STD DEV Y= ,S6
.�ET S5=S5/Sl
�ET S6=S6/S2
P�INT 'REL STD DEV x=·, S5,'
REL STD DEV Y=·,s6
[YJ
CXJ
PRiNT 'LiNEAR LEAST-SQUARES FIT.
PRINT 'SLOPE=',Al, •
Y INTERCEPT=',AO
PRINT 'THE EQUATION FOR THE LINE IS'
Y=',A1,·x + ',AO
PRINT'
PRINT 'CORRELATION COEFFICIENT=',R
PRINT ·oo YOU WISH TO FIN D X FOR KNOWN Y?'
PRINT •YES =l, N 0=2·
INPUT T
LET U=2
IFU=T GOT0501
PRINT 'Y=?·
INPUT V
LET W=<V�AO>/Al
PRINT 'IF y�·, v�·THEN x=·,w
GOTO 491
PRINT .AGAIN? YES=l, N 0=2·
INPUT A
LET B=l
IFA=BGOT020
END
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ll:>pamine Metabolites Binding to Cuticle Proteins
Insects used in this experiment were similar to those described
in the phosphate incorporation methods and materials.
Animals were injected with 10 ul (ZUCi) of 14e-dopamine (New
England Nuclear (ethylamine-2-14c) dopamine hydrochloride Code
CFA.314 Batch 24 specific activity 60 mCi/mmol mixed in methanol
0.25 ml yielding ZUCi/lOul), using a Hamilton microsyringe. Animals
were incubated for 20 minutes then injected with 15 ul O.JM sucrose
O.OlM diethylthiocarbamate. Ten minutes after this injection animals
were bled and haemolymph microfuged as previously described.
Supernate was chromatographed in BAW paper chromatography system
(n-butanol:glacial acetic acid: water; 4:1:1). Chromatographs were
scanned for radioactivity as before. Areas of peak radioactivity
were ·cut out and sewn onto another chromatogtaph paper.
Two newly ecdysed cockroaches were obtained and their abdominal
cuticles removed and scraped.

These cuticles were homogenized in

approximately 4 ml �.lM tris acetate buffer (6.8 pH) and O.lM Cu (II)
sulphate.

The homogenate was centrifuged at 10,000 g for 10 minutes

using a Beckman J-21 centrifuge.

The supernate was sprayed onto the

radioactive areas of the chromatogram.

The chromatogram was incubated

for 1 hour in a humid area to inhibit drying of the sprayed area.
This procedure was duplicated except that the cuticle homogenate was
not centrifuged.

In this case the whole homogenate was brushed on the
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spot of radioactivity.
The papers were ch:romatographed and scanned for radioactivity
as was previously described.

Rf values were obtained and compared to

standard Rf values from previous experimentation or from values
obtained in the literature.

In vitro Binding of N-acetyldopamine to Lysyl-lysine
Insects used in this experiment were similar to those described
in the phosphate incorporation methods and materials.

Two newly ecdysed

nymphs were obtained and their abdominal cuticle removed, scraped�.a.nd

homogenated in 1.0 ml pH 6,8 tris acetate buffer 10-4M Cu(II)ro4. The
homogenate was placed together with approximately 30 umoles N-acetyl
dopamine monohydrate (Regis) and 30 umoles L-lysyl-L-lysine dihydro
chloride (Sigma) into a test tube and incubated in a water bath at
°

37 c for three hours.
The mixture was centrifuged at 12,000g for 10 minutes using a
Beckman J-21 centrifuge.

The supernate was chromatographed on a P-2

(200-400 mesh) polyacrylamide gel column (Bio-Rad) 0,6 x 60cm.
Seventy fractions were collected each containing 0,5 ml.

Separation

of products was monitored via UV absorption at 280 nm and by dotting
small portions of each fraction on chromatography paper and spraying
.

with ninhydri.n solution (0,2% in acetone) and developing at 1000 C
in a chromatography drying oven. Assignments were made as to the
degree of reaction with the ninhydri.n by using a scale from Oto 5
with Obeing no reaction and 5 being a very quick reaction which was
deep purple in color,

Assignments from 1 to 4 were made corresponding

to the degree of reaction of each spot,
Peaks of high absorbance were concentrated and chromatographed
using a BAW solvent system and electrophoresis at pH 3.5 as-was

6J
described before.
Radioactive N-acetyldopa.mine was prepared by a method described

14
by Bodnaryk et al. (1974a) using ethyla.mine-1- c-dopa.mine hydro

chloride (Ame:rsham/Searle 52 mCi/mmol specific activity Code CFA,
295 Batch 10),

Fifty ul of this solution was added to the solution

described above and the experiment was repeated. Radioactivity was
monitored by placing 10 ul aliquots into vials containing 10ml
Aquasol II (NEN) and counted on a Beckman 1-250 liquid scintillation
counter,
Peaks of high UV absorbance were grouped and concentrated and
then chromatographed using paper chromatography (BAW system) and
electrophoresed.-.(pH 3,5),
Similar experiments were completed using only N-acetyldopamine
(non-labelled) and lysyl-lysine with•no cuticle present.

0,1 mmoles

of N-acetyldopa.mine and 0,2 mmoles of lysyl-lysine were mixed in 1.0
ml tris acetate (O,lM and ph 6.8) and Cu (II)slil,.phate (10-4).

This

mixture was stirred with a magnetic stirrer at room temperature until
the solution became dark brown (approximately 24 hours),

The solution

was then subjected to paper chromatography and high voltage
electrophoresis as was previously described.

The remaining portion

was chromatographed on a 0.6 x 50 P-2 pol1,acrylamide gel column and
70 fractions of 0,5 ml were collected •. These fractions were analyzed
for UV absorbance at 280 nm, reactivity with ninhydrin and with
Pauley's reagent.
UV positive fractions were grouped--'. and concentrated to
dryness using a freeze dryer.

The remaining precipitate was mixed

with methylsulfoxide in 1% TMS (Diaprep) and analyzed on NMR using
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a Varian A-60 NMR.

RESULTS
Phosphate Incorporation into Proteins and Cuticle
Chromatography and Electrophoresis
The ch:romatogra.phs and electropherograms of this experiment are
found in Figures 13 and 14.

Rf' s are found in Table 4.

As one can

readily ascertain the ch:romatographs and electropherograms of the 2
hour and 4 hour incubations are relatively the same.

There are two

major peaks present •. The first p�ak was electrophoretically
neutral and had an Rf of 0.010 which probably was made up largely
of proteins.

The second peak was electrophoretically negative and

had an Rf of O ,19.

This peak was identical to 32P-phosphate standard,

The chromatograms and electorpherograms of the 24 hour
incubations yielded the same peaks as the 2 hour and 4 hour
incubations with one major exception,

There existed a large

electrophoretically neutral peak which had an Rf value of O ,94,

This

indicates a phosphate compound with two neutral side cha.ins R-R>4H-R.
Columns

Data obtained from the elution fractions are graphed in Figures
15 through 26 with composite graphs for the 2 hour, 4 hour and 24 hour
incubation being found in Figures 18, 22, 26 respectively.

There is

little significant difference between the 2 hour and the 4 hour
incubations.

However, once again, there was a notable difference

between the 24 hour incubations and the 2 or 4 hour incubations,

In
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Figure 13,

Representative chromatograms of phosphate metabolites
from haemolymph obtained in 2 hour, , 4 hour and 24 hour
incubations illustrated in chromatograph I, chromatograph
II, and chromatograph III, respectively.
the origin,

"0" denotes

while "SF" denotes the solvent front.

are UV positive areas.
radioactive areas.

Spots

"A", "B" and "C" denote,

Note the presence of peak "C" in

the 24 hour incubation.

This corresponds to the increase

of radioactivity found at the origin in the electrophe:oo,""'
grams for the 24 hour incubation (See Figure 14).
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Figure 14. Representative electropherograms of phosphate metabolites
from haemolymph.

Electropherogram I is haemolymph from

the 2 hour incubation. Electropherogram II is haemolymph
f:rom the four hour incubation while electropherogram III
is haemolymph from the 24 hour incubation., D::>tted eyots
represent UV positive areas.

"0" is the origin.

and "B" represent pea.ks of radioactivity.

"A"

Note the

increase "A" in the 24 hour incubation electropherogram.
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Table 4.

Rf' s of metabolites of phosphate metabolism in haemolymph.
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2 hour incubation
RfA

RfB

0.017

0.209

0.019

0.221

0.024

0.192

R
RfA(av
e) fB(ave)
0.207
0.020

4 hour incubation
Rf A

RfA

0.015

RfB

0.010

0.197

0.021

0.200

0.000

0.182

R
RfA(av
e) fB(ave)
0.193
0.010

24 hour incubation
RfA(ave RfB(ave) Rfc(ave)
R fc
)
0.937
0.185
0.015
0.951
0.182
RfB

0.020

0.189

0.011

.0.183

0.949

0.911
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Figure 15,

Graph of eluant from polyacrylamide gel chromatography
P-30 ( 0 • 6 x 40 cm.) of haemolymph obtained from 2 hour
incubation (1st experiment).

Open circles denote optical

density at 280 nm while closed circles denote cpm/uCi.
"A" denotes fraction with molecular weight of 40,000
daltons while "B" denotes fraction with molecular weight
of 2500 daltons,
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Figure 16.

Graph o:f eluant :from polyacrylamide gel chromatography
P-JO (0.6 x 40 cm.) o:f haemolymph obtained :from 2 hour
incubation (2nd experiment). Open squares denote optical
density at 280 nm while closed �quares denot� cpm/uCi.
"A" denotes :fraction with molecular weight o:f 40,000
dal tons while "B" denotes :fraction with molecular weight
o:f 2500 daltons.
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figure 17.

Graph of eluant from polyacrylamide gel chromatography
P-JO ( 0 , 6 x 40 cm.) of haemolymph obtained from 2 hour
incubation (Jrd experiment) •

Open triangles denote optical

density at 280 nm while closed triangles deoote cpm/uCi.
"A" denotes fraction with molecular weight of 40,000
da.ltons while "B" denotes fraction with molecular weight
of 2.500 da.ltons.
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Figure 18,

Composite graph of eluant from polyacrylamide gel
chromatography P-30 (o.6 x

40

cm,) of haernolymph obtained

from 2 hour incubations, Open characters denote optical
density at 280 nm while closed characters denote cpm/uCi,
"A" denotes fraction with molecular weight of

40,000

daltons while "B" denotes fraction with molecular weight
of 2,500 daltons,

osz00
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Figure 19.

Graph of elua:ht from polyacryla.mide gel chromatography
P-.30 (o.6 x 40 cm.) of haemolymph obtained from 4 hour
incubation (1st experiment). Open circles denote optical
density at 280 nm while closed circles denote cpm/uCi.
"A" denotes fraction with molecular weight of 40,000
daltons while "B" denotes fraction with molecular weight
of 2500 daltons.
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Figure 20.

Graph of eluant from polyacrylaroide gel chromatography
P-JO (0 . 6 x 40 cm.) of haemolymph obtained from 4 hour
incubation (2nd experiment).

Open squares denote optical

density at 280 nm while closed squares denote cpm/uCi.
"A" denotes fraction with molecular weight of 40,000
daltons while "B" denotes fraction with molecular weight
of 2500 daltons.
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Figure 2l.

Graph o:f eluant :from polyacryla.mi.de gel chromatography
P-JO ( 0 • 6 x 4o cm.) o:f haemolymph obtained :from , 4 hour
incubation (3rd experiment).

Open triangles denote optical

density at 280 nm while closed triangles denote cpm/uCi.
"A" denotes :fraction with molecular weight of' 40,000
dal tons while "B" denotes f'raction with molecular weight
of' 2.500 daltons.
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Figure 22,

Composite graph of eluant from polyacrylamide gel
chromatography P-30 (0.6 x 4o cm.) of haemolymph
obtained from 4 hour incubations. Open characters
denote optical density at 280 nm while closed characters
denote cpm/uCi.

"A" denotes :fraction with molecular

weight of 4o,OOO daltons while "B" denotes fraction
with molecular weight of 2500 daltons.
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Figure 23.

Graph of eluant from polyacrylamide gel chromatography
P-JO (0 • 6 x 40 cm.) of haemolymph obtained from
24

hour incubation-(1st experiment).

Open circles

denote optical density at 280 nm while closed
circles denote cpm/uCi.

"A" denotes fraction with

molecular weight of 40,006 daltons while "B" denotes
fraction with molecular weight of 2500 dal tons.
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Figure 24.

Graph of eluant from :polyacrylamide gel chromatography

P-30 (0.6 x 40 cm.) of haemolymph obtained from
24

hour incubation- (2nd experiment).

Open squares

denote optical density at 280 nm while closed squares
denote cpm/uCi.

"A" denotes fraction with molecular

weight of 40,000 daltons while "B" denotes fraction
with molecular weight of 2500 daltons.
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Figure 25,

Graph of. eluant from polyacrylamide gel chromatography
P-30 (0,6 x 40 cm.) of haemolymph obtained from
24

hour incubation· (3rd experiment),

Open triangles

denote optical density at 280 nm while closed
triangles denote cp�/uCi.

"A" denotes fraction with

molecular weight of 40,000 daltons while "B" denotes
fraction with. molecular weight of 2500 daltons,
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Figure 26.

Composite graph of eluant from polyacrylamide gel
chromatography P-JO (0.6 x 40 cm.) of haemolymph
obtained from 24

hour incubations�

Open characters

denote-optical density at 280 nm while closed
characters denote cpm/uCi.

"A" denotes fraction with

molecular weight of 40,000 daltons while "B" denotes
fraction with molecular weight of 2500 daltons.
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the".2 .and 4 hour incubations there was a large amount of radioactivity
incorporated into the molecules less than 2,500 daltons, This
radioactivity was not present in the 24 hour incubation profile.
There also .was a corresponding decrease in absorbance in the UV
range for molecules less than 2,500 daltons.

The large values for.

absorbance in the small, molecular range immediately postecdysis and
during the following 4 hours are due mainly to the high titer of
phenolic groups present in the blood which are incorporated into the
cuticle as sclerotization agents, The corresponding loss of
radioactivity in this range of molecules may indicate that phosphate
is being incorporated into the cuticle.
Phosphate incorporation into proteins is found in all investi
gations., However, phosphate is not incorporated into large molecular
weight proteins (those greater than 40,000 daltons).

Most of the

phosphate incorporated into molecules of molecular weight greater
than 2,500 daltons was into molecules of molecular weight between ·
15,000 and 2,500 daltons.
Cuticles
Phosphate incorporation into cuticles is given in Table 5,, This
incorporation is definite proof that phosphate is a part of the
cuticular matrix,
The fact that protein bound phosphate is incorporated into the
cuticle, although not to a great extent, leads one to speculate as to
the reasons for incorporation.

It is noted that phosphate is

incorporated to a greater extent when it is on the proteins.

This is

evidence for the phosphate to be incorporated to a greater extent
as phosphoproteins rather than as phosphoric acid.

97

Table .5.

I. IncorporatiOll
• of labelled phosphate into newly ecdysed
cockroach cuticle· .,
II. Incorporation o•f phosphoproteins into cock.roach cuticle,

98

I.

_g_ hour incubation
320,78 cpm/uCi/mg cuticle
4 hour incubation
832.5 cpm/uCi/mg cuticle
24 hour incubation
285,55 cpm/uCi/mg cuticle

II. incorporation of labelled proteins into cuticle
18,013 cpm/uCi/mg cuticle
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fupa.mine Metabolites Binding to Cuticle Proteins
The chromatograms from this experiment are found in Figures 27
and 28 with the Rf' values for the radioactive peaks being found in
Table 6.

'1-'.hese Rf' values may be compared to known values f'rom the

literature and values obtained from standards,

These values are found

in Table 7 (for a more complete table see Appendix).
The differences between the chromatograms and electropherograms
of the incubation with the supernate compared to the whole homogenate
are obvious.

The supernate incubation yielded a great change in the

metabolites indicating that the soluble proteins did not bind to the
metabolites or metabolize them.

However, the whole cuticle incubation

yielded a great change in the metabolites showing binding to occur to
molecules which were immobile and which were probably proteins,
a peak which corresponded to dopamine was indicated,

Also

This would

suggest the presence of a sulphatase in the structural proteins which
fo:rm the cuticle matrix,. as the �opamine metabolite is reported to be
a sulphate ester (Bodnaryk and Brunet, 1974).

100

Figure , 27,

Representative radiochromatograms of dopamine .metabolite
binding experiments performed with cuticle soluble proteins,
I.

Radiochromatogram of haemolymph of 14 C-dopa,!ld.ne
m.et&bolites after 30 minutes incubation in newly
ecdysed cockroach,

II, Radio chromatogram of peak "B" of I subjected to incuba
tion with soluble proteins of the cuticle,

No change

in the position of radioactivity is noted indicating
no binding or change in the metabolite occurred.
III, Radiochromatogram of peak "C" of I subjected to
- incubation with soluble proteins of· the cuticle,
change in the position of radioactivity is noted
indicating ·no binding or change in the metabolite
occurred.
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Figure,28.

Representative radiochromatogra.ms of dopamine metabolite
binding experiments performed with cuticle homogenate.
I.

Radiochromatogra.m of haemolymph of 14c-dopamine

metabolites after JO minute incubation in newly
ecdysed cockroach.
II.

Radio chromatogram of peak "B" of I subjected to
incubation with cuticle homogenate.

"A" is p:robably

p:rotein bound label, while "C" is most likely.
dopamine.
III. Radiochromatogram of peak "C" of I subjected to
incubation with cuticle homogenate.
p:rotein bound labei.
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Table 6.

Rf values f'rom dopa.mine metabolites when incubated with
cuticle proteins.
I.
II.

Rf values of' dopa.mine metabolites.
Rf values of' dopa.mine metabolites when incubated with
soluble proteins.

III.

Rf values of' dopa.mine metabolites when incubated with
whole homogenate.
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I.

SEOt
A

0.166

180

B

0.237

410

C

0.339

D

0.438

E

0.576

F

II.

soluble Eroteins
Max CEm
Rf

spot
A

III.
A

0.173

0,246

650

0.343

250

0,801

0.452

150
47 0

590

230

130

0.662

120

160

0,804

230

starting material
sEot from above· Rf
B

whole homogenate
Max cpm

-1!L.

0.287

spot

starting material
Rf
SEOt from above

A

B

0.042

B

B

0.263

C

B

o.424

-------- -- -- -------C

0.396

0.055

A

_C

B

C

0,415

C

C

0.846
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Table 7,

Rf' s of possible dopamine metabolites from various
literature sources.
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Metabolite

_Rf_

Source

N-acetyldopamine-J-0-phosphate

0. 28

Bodnaryk et al. ,
1974a

N-acetyldopamine-J-0-sulphate

O. 37

Bodnaryk et al. ,
1974a

Dopamine-J-0-sulphate

0.2

Bodnaryk and
Brunet, 1974

N-acetylhydroxytyramine-glucoside

0.5

Okubo, 1958

N-acetyldopamine

0,8

Okubo, 1958

Dopamine

o.4

Okubo, 1958

0,2

Sekeris, 1964

0.18

Florence,
unpublished

Dopa
Phosphate (monosodium)
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In vitro Binding of N-actyldopamine to Lysyl-lysine
The first experiments involved the in vitro incubation of
N-actyldopamine, lysyl-lysine and untanned cuticle homogenate.

The

column chromatograph elution profile showing UV absorption and
ninhydrin activity in each f'raction is found in Figures 29 and 30,

14e-N-acetyldopamine was added to the mixture to aid the elucidation
of where the N-acetyldopamine metabolites were eluted of'£.
of this column eluant are found in Figures 31 and 32.

Graphs

Radioactive

incorporation, UV absorption as well as ninhydrin reactivity were
monitored and are shown in these figures.

One readily notes that

there are two peaks which are ninhydrin reactive, UV positive and also
have some radioactivity found within th peak.

These peaks correspond

to N-acetyldopamine bound lysyl-lysine.
Electropherograms and chromatograms were obtained on concentrated
portions of fractions 27-33, f'ractions Y-l-37, and f'ractions 4.5-49,
These are represented in Figures 33 and 34,

Nbte that £raction "D"

(fractions 4.5-49), corresponds to N-acetyldopamine.

Both fractions

"B" (fractions 27-33) and "C" (fractions Jl.!-37) are undoubtedly
N-acetyldopamine metabolites and are possibly N-acetyldopamine-lysyl
lysine metabolites,

Fraction "A" (fractions ll.!-18) is probably

N-acetyldopamine bound to protein or a polymer of' N-acetyldopamine
and lysyl-lysine.
In vitro·incubations were carried out on lysyl-lysine and
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Figure 29.

Elution profile of an aliquot from the incubation of
non-labelled N-acetyldopamine, lysyl-lysine and cuticle
homogenate.

Dotted lines represent absorbance at 280 nm

while continuous lines represent relative reaction with
ninhyd.rin.

Note that samples 25-27 were pink in color

indicating quinone formation.
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Figure JO.

This graph is an elution profile obtained when the ·
previous experiment was duplicated.
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Figure 31.

Elution p:rofile of aliquot f:rom the incubation of
14
c-N:acetyldopamine, lysyl-lysine and cuticle· homogenate.
Aliquot was placed on a P-10 polyacryiamide gel (200-400
mesh) 0.6 x 60 cm. and 0.5 ml fractions were collected.
Wavy line represents absorbance at 280 nm while straight
line represents relative reaction with ninhydrin.
that samples 26 and 27 were pink in color, a color
that is characteristic of quinone.
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Figure 32,

Elution profile of an aliquot from the incubation of
14
e-N-acety1.dopamine, lysyl-lysine and cuticle homogenate,
An aliquote was place on a P-10-polyacrylamide gel (200400 mesh) 0,6 x 60 cm. and 0,5 ml fractions were collected.·
Dotted line represents absorbance at 280 nm while
continuous line represents cpm in each sample.
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Figure 33.

Representation of radiochromatograms obtained from
various fractions of eluant of column chromatography
of labelled N-acetyldopamine, lysyl-lysine and
cuticle homogenate after being incubated for 3 hours at
°

37 c.
I.

Radiochromatogram of fraction B (fractions 27-33 of
figure 31).

II. Radiochromatogram of fraction C (fractions .34-37 of
figure 31).
III. Radiochromatogram of fraction D (fractions 45-49
of figure 31) .
Note the presence of a relatively high radioacti_ve
peak which is UV positive in fraction D.
N-acetyldopamine.
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Figure 34.

Representations of electropherogra.ms obtained from
various fractions of eluant of column chromatography
of labelled N-acetyldopamine, lysyl-lysine and cuticle
homogenate af'ter being incubated at J7° C for 3 hours.
I•

El.ectropherogra.m of fraction B (fractions 27-33

of figure 32),
II •

El.ectropherogram of fraction C (fractions 34-37

of figure 32).
III •

El.ectropherogram of fraction D (fractions 45-49

of figure 32).
Note the presence of a relatively high radioactive peak
which is UV positive in fraction D.,. This :is
N-acetyldopamine.
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N-acetyldopamine without cuticle homogenate and analyzed as before.
Elution profile from column chromatography is found in Figure 35.
Chromatographs and electropherograms of the incubant are diagrammed
in Figure 36,

One should note the similarity of these analyses with

the analyses which were made utilyzing cuticle homogenate.
Oxidation of this mixture occurred at room temperature and the
total product was analyzed spectrophotometrically at the visible
and UV range.

This was compared to the oxidation product of an

equimolar amount of N-acetyldopamine.
37.

The spectra are shown in Figure

Note that there was a large increase in the absorptivity in the

visible light region from 600 run to 370 nm and in the UV region from
370 nm to 296 nm when compared to the oxidation product of N-acetyl
dopamine alone.

This suggests that the binding of the dipeptide to

the N-acetyldopamine also adds to the color of the product.
Two portions of the fractions from the column (fractions 19-26
and fractions 34-41) were concentrated to dryness,

The remaining

precipitate was disolved in dimethylsulphoxide and analyzed on NMR.
The resulting NMR spectra are found in Figure 38.

These NMR spectra

can be compared to the NMR's of the reactants which are found in
Figure 39.

Additional NMR' s of possible metabolites of the

sclerotization agent as well as the other dipeptides are found in
Figure 40.
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Figure 35.

Graph of eluant from polyacrylamide P-2 gel column of
N-acetyldopamine and lysyl-lysine metabolites.

Fractions

18-26 designated "A" were grouped and analyzed by NMR
(see Figure 38).

Fractions Y+--41 designated "B" were

grouped and analyzed by NMR (See Figure 38).

Ibtted

line denotes OD at 280 nm while continuous line denotes
ninhydrin positive fractions.
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Figure 36.

Chroma.tographs a.nd elect:rophe:rogra.ms of incuba.nt of
N-acetyldopa.mine a.nd-lysyl-lysine,

Spots are indicated

by either Pauley' s reagent, ninhydrin, · or UV.

Note the

spots which are both UV a.bsorptive a.nd ninhydrin positive.
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Figure 37.

I.

Representative UV spectra of' the oxidized product

of' N-acetyldopamine.
II.

Representative UV spectra of' the oxidized product

of' N-acetyldopamine and lysyl-lysine.

F.quimolar

quantities of' N-acetyldopamine were used in each
experiment.

Note the increase of' absorption in the

visible light region f'rom 600 run to 370 run and in
the UV region f'rom 370 run to 296 run.
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Figure 38.

NMR of :fractions A and B f'rom N-a.cetyldopamine
lysyl-lysine binding,
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Figure 39.

NMR spectra o:f N-acetyldopamine in n o .
2
NMR spectra o:f N-acetyldopamine in dimethylsulphoxide.
NMR spectra o:f lysyl-lysine in Dz°.
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Figure 40.

NMR spectra of possible metabolites of the scle:rotization
agent and NMR spectra of dipeptides.
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DISCUSSION
Ph:>sphate incorporation into proteins a.nd cuticle
There has been little investigation into the phosphate role
in scle:rotization,

Bod.naryk et al. (1974a) indicated that there

was an N-acetyldopamine-J-0-phosphate moiety found in the haemolymph
of po st ecdysial white nymphs of Peripla.neta america.na.

No ·such

metabolite was found in our investigations as is evidenced by
comparing Rf values of known N-acetyldopamine-J-0-phosphate with the
peaks of radioactivity obtained with labelled phosphate.

Tyramine

phosphates have also been isolated in Drosophila (Hodgetts and
Konopka.•. J-973), a�d have been implicated as possible storage agents
of precursors to the sclerotization agents, however, there was no
indication of the presence of tyrosine phosphate in our experiments.
Phosphate incorporation into proteins has been widely investi
gated (Taborsky, 1974).

There is indication of the existence of

phosphate cross-links involving hydroxyl groups of complex
polysaccharides and amino acid side chains.

In Cladosporium

werneckii, a diester bridge is :proposed to provide branches in
complex polysaccharide chains which are glycosidically bound to
serine a.nd threonine side chains of the phosphoglycoprotein (Lloyd,
1972).

This may well apply to the chitin (glucosamine) linkages

to cuticular proteins.

There is evidence for the existence of seryl

and U1.ceonyl-glycopeptides in association to oligosaccharides in the
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sclerotized cuticle of Periplaneta americana (Lipke, 1971) ,

The

presence of phosphate-mediated cross-linkages in hard tissue collagens
has been shown in bovin dentine collagen (Veis and Schluet, 1963).
The binding of chitin and proteins of the cuticle may well take place
with phosphate bonds.
The fact that a major precentage of phosphate is not incorporated
into the cuticle does not hinder this theory.

The reactions occuring

during the period of sclerotization which involve phosphate are many.
Indeed, all of the energy reactions which occur in intermediary
metabolism require the use of phosphate as nucleotide tripoosphates.
The production of chitin is well documented,

This pathway

involves the use of phosphate as part of intermediary metabolites
N-acetylglucosamine-phosphate (Benson and Friedman, 1970).

It is

hypothesized that this metabolite may well be shunted off to another
pathway involving the binding to a seryl or threonyl groups of
cuticular proteins.
The fact that there was a greater tendency for phosphoproteins
to be incorporated into the cuticle rather than monosodium phosphate
is significant.

Phosphate may be an important cross-link in the

structural matrix of the .cuticlB of insects,
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Dopamine Metabolites Binding to Cuticle Proteins

The identificati_on of aJ.l of the metabolites from the
incubation is uncertain.

l

�C-dopamine

However, the Rf vaJ.ues obtained are similar

to those found in the liberature for dopamine metabolites (see Table
6 and Table 7) •

In examination of the dopamine metabolite chromato

gram (Figure 28, I and Figure 29, I) .one can hypothesize the
14

identification of the peaks.

Peak "A" is likely to be a

metabolite bound to protein.

Peak "B" is likely to be dopamine-J-O

sulphate.

c-dopamine

Peak "C" is likely to be N-acetyldopamine-J-0-sulphate.

Peak "D" is likely to be dopamine.

Peak "E" is unidentifiable while

peak "F" is N-acetyldopamine.
B0th peak "B"..and peak "C" contained a great amount of radio
activity.

These peaks, dopamine-J-0-sulphate and N-acetyldopamine

J-0-sulphate, were incubated with enzyme, either soluble or structural.
The soluble enzyme fraction showed no influence on these peaks, however,
the structural proteins changed the peaks greatly.
sulphate was shown to be incorporated into protein.
indicated by an Rf value of O.042.
evidenced.

The dopamine-J-O
This was

Also action of a sulphatase was

This is concluded by the presence of a peak corresponding

to dopamine (Rf=O.424).

The remaining peak is undoubtedly the

starting product.
yielded similar results.
The N-acetyldopamine-J-0-sulphate peak
indicated by the Rf value
The binding of the metabolite to protein was
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of O .055 while the presence of sulphatase is indicated by a peak of
N-acetyldopamine (Rf 0.84).
N-acetyldopamine-3-0-sulphate and dopamine-3-0-sulphate ·have been
postulated to be :possible storage agents of the scle:rotization agent
(Bodnaryk and Brunet, 1974a).

The data presented. here support this

contention.
The presence of cuticle sulphatase has not been reported in the
literature.
here.

However, its presence is obvious by the data presented
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In vit:ro Binding of N-acetyldopamine to Lysyl-lysine
The binding of N-acetyldopamine to lysyl-lysine was accomplished
both with and without the use of cuticle enzyme,

The oxidation of

N-acetyldopamine and its subsequent binding to lysyl-lysine occurs
readily.at :room temperature in the presence of oxygen :f':rom the
atmosphere,
There are many possible binding sites of' the dipeptide to
N-acetyldopamine.
1974a).

Andersen suggests a side chain binding (Andersen,

See Figure 4.

to the ring.

Evidence from NMR however, supports a binding

The occum:nce of' the aromatic ring in fraction l

in the NMR experiment is evidenced by the high optical density as
well as the incorporation of radioactive N-acetyldopamine.

The

occurrence of' the lysyl-lysine is evidenced by the positive reaction
with the ninhydrin,

The NMR of this fraction showed no aromatic

protons which suggests that all of the protons have been replaced
by other moieties.

.This would follow the theory that binding occurs

on the ring via a mechanism as outlined in Figure 9, with one
exception.

This exception is that binding occurs at all locations

rather than just the two ortho positions,
The occunmce of lysyl-lysine as a component of proteins has
been taken as common knowledge,

Lysine is known to be a component

of high concentration in cuticle protein

(Karlson et al,, 1 969),

·Its occurrence as a part of naturally occurring low-molecular-weight

peptides from the blowfly, Phormia regina, has been shown in the
identification of glycyl-L-lysyl-1-lysine in young larvae (Bodnaryk
and Levenbooki. 1963).

The occurrence of N-acetyldopamine in insects

is common knowledge as it is considered to be the major sclerotization
agent,

The binding of these two moieties via ring-amine interactions

supports the proposed mechanism of binding of proteins to the
proposed mechanism of binding of proteins to the sclerotization agent,
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APPENDIX

COMPOUND
2-5-dihydroxy-l,4-benzoquinone
Hydroxyhydroquinone
Dopa
1-tyrosine
5-hydroxydopamine
Dopamine
Tyramine
Octopamine
Methyldopa
h-hydroxy-3-methoxymandelic acid
J,4-dihydroxymandylic acid
N-acetyldopamine
L��ysyl ;-L-1ysine
1-lysyl-L-alanine
1-lysyl�L-glycine
N-acetyltyrosine
Hydroxytyrptamine �reatine sulfate
3-hydroxytryptamine hydrochloride
6-hydrocydopamine hydrochloride
N-carbobenzoxyl 1-tyrosine
Homogentisic acid
Catechol
p-hydroxyephedrine hydrochloride
Hydroquinone
p-hydroxybenzaldehyde
p-hydroxyphenyl pyruvic acid
p-hydroxybenzylacetone
Chromatography solvent system:

Rf

Rf

Rf

Rf

Rf

Rf

.530
.676
.193
.276
.297
.428
.600
.507
.372
.712
.537
.795

.519
.67�
.218
.341
.286
.410
.637
.505
.376
• 724
.525
�808
.028
.142
.070
.840
.452
.443
.324
.924
.760
.847
.656
.818
.899
.896
.925

(475
.686
.185
;281
.252
.411
.631
.511
.365
.707
.515
.780
.031
.137
.070
.tl28
.457
.437
.327
.932
.760
.844
.677
.838
.912
.874
.909

.528
.698
.219
.3�7
{270
.447
.597
.497
.377
.701
.517
.780
.033
.1�3
.074
. tl2tl
.446
.457
.343
,939
.743
.838
.613
.835
.913
.882
.920

.528
.673
.181
.364

.674
.206
.340

;o:n

.139
.077
.843
.439
.436
.327
.932
.766
.8'.:>7
.668
.827
.910
.874
.913

Butanol:acetic acid:water;4:l:l.

T---

.444
.564
.515
.374
.699
.530
.820
.034
..L55
.Otll

----

T---

-----

----

.437
.529
,388

.no

.543
.tlOl

----------

.443
.425
.326
.911

----

.853
.619
.839
.908

.842
.b77
.840
.906

.917

.922

----

----

.447

----

-------

----

Rf ave.
.516
.680
.198
.327
.276
.434
.604
.510
.374
.706
.527
.tl04
.031
.142
.074
.835
.447
.440
.329
.928
.757
.847
.645
.833
.908
• tltl2
.9ltl

QOMPOUND
2-5:dihydroxy-l,4-benzoquinone
Hydroxyhydroquinone
Dopa
1-tyrosine
5-hydroxydopamine
Tyramine
Octopamine
MM,hyldopa
4-hydroxy-3-methoxymandelic acid
3,4-dihydroxymandelic acid
Dopamine
N-acetyldopamine
L-lysyl-1-lysine
L-lysyl-L-alanine
L�lysyl-L-glycine
N-acetyltyrosine
5-hydroxytryptamine creatine sulfate
3-hydroxytryptamine hydrochloride'
6-hydroxydopamine hydrochloride
N-acetyl-L-phenylalanine
N-carbobenzoxyl L-tyrosine
Homogeritisic acid
Catechol
Hydroxyphenylpyruvic acid

jf'

Ef

ID'

SI'

Ef

p;f

-1.470
•0,050
+0,089
+0.079
+0,853
+0.51�
+0,992
-0.082
--0,950
-1.000
+0,437
+0.066
+1.210
+0,979
+0.986
-0.764
+0.500

-1�630
+0,103
+0;109
+0,109
+0,904
+0,406
+0.102
-0.107
-1.030
-1.140
+0.390
+0.104
+1.250
+0.625
+0.616
-0.923
+1.400
+1.600
+1.400
-0,365
-0.2�0
-0,182
+0.053
-1.310

-0,086
+0.159
+0.094
+0.044
+0,959
+1.119
+0.816
-0.009

-2.230
+0,084
+0.109
+0.013
+0.892
+0.509
+u.94J

-1.500
+O.v�8
+0,115

,-0.118
+0,061
+o.ie2

+U,097
+l.26u
+0.838
+1.090
-1.250
+0.866
+1.030
+U,709
-1.460

+0.101
+1.170
+0,877
+U,9J4
-0.t:lOO

+0,043
+1.010
+0,954
+0,978
-1.090

+0.728
+0,978
-0. 763

+0.633

+0.667
-0.637
--0.545
-0.182
+0,050
-1.720

----------- ----------- ----------- ------

----------+0,924
--------------------------

----------------------------------------+0,050
------

------ ------ ----------- ------ -----+0.686 ------ ------1.030 ------ ----------- ------ ------ ----------- ------ ------ ----------- -----+0,737
+U,737
----------------1.210

Ef ·ave·,

-1.172
+0,086
+0.106
+0.084
+0,902
+0.693
+0,702
--0.066
--0.990
-1.070
+U.622
+U.078
+l.180
+0.834
+0.921
--0,932
+0.922
+1.088
+0,866
-U.t:l73
--0.352
-l.t:l20
+0,052
-1.413

Ef values determi�ed by reference to Methyl-green (positive) and Phenol Red (negative).
Buffer system was Pyridine:acetic acid:water;l:10:89 pH=3,5,

.....

VITA

